The development of the protein body in the late stage of seed maturation is poorly understood, because electron-microscopy of mature cereal endosperm is technically difficult. In this study, we attempted to modify the existing method of embedding rice grain in resin. The modified method revealed the ultrastructures of the mature protein body in dry cereal grains.
The prolamins of rice (Oryza sativa L.), maize (Zea mays L.), and sorghum (Sorghum bicolor L.) are packaged in the endoplasmic reticulum (ER), 1) whereas the bulk of the prolamins of wheat (Triticum aestivum L.), barley (Hordeum vulgare L.), and oat (Avena sativa L.) are stored in vacuolar compartments. [2] [3] [4] [5] Rice accumulates glutelin, a dilute-acid/alkali-soluble protein, in addition to prolamin. Prolamin and glutelin are synthesized in endosperm tissue and deposited into distinct PB of different origin. 6) Although both storage proteins are synthesized on the rough ER, they are transported by different pathways. [7] [8] [9] Prolamins are stored in type-I PB (PB-I) within the ER lumen. 7, 9) In contrast, glutelins are introduced into the vesicular transporting system, resulting in their accumulation in protein storage vacuoles (PSVs) that are type-II PB (PB-II). 7, 9) When the deposition state of protein is investigated in rice seeds at various stages of ripening, glutelin is found to be the primary protein of the seed. Glutelin stores increase rapidly starting 5 d after flowering (DAF) and reach a maximum level approximately at 30 DAF. 10) On the other hand, the prolamin content does not substantially increase until 5-10 DAF, and at 10 DAF, the levels begin to increase, and reach a maximum at 30 DAF. 10) However, data collected thus far on the maturation of PBs has been limited to observations of the developing endosperm. Little is known about the ultrastructure of PB in the mature rice endosperm.
11)
Rice prolamin consists of a multigene family, 12, 13) and its temporal expression in endosperm development is different as between multiple prolamin molecules. It is important to observe the ultrastructure of PB-I in the mature stage to understand the formation mechanism of the PB-I structure.
The low-moisture and high-solids content of mature endosperm tissue, including most starch and some storage proteins, makes common methods of fixation, infiltration, and embedding ineffective, and hence sections of mature rice grain cannot be made thin enough for the study of subcellular protein structures. Saito et al. (2008) 14) have developed a convenient system that uses a cryomicrotome to obtain uniform sections of the whole grain of mature seeds. Penetration of the embedding agent into the intracellular spaces of dry mature grain made it possible to achieve uniform section thickness and to conserve subcellular structures. However, 3-mm-thick frozen sections obtained using a cryomicrotome were not suitable for high-magnification observation of the structures of PB-I, with a diameter of 1-2 mm, or of PB-II, with a diameter of 2-3 mm, in rice endosperm tissues.
To clarify the ultrastructures of PBs in the endosperm of mature rice grains, we attempted to embed rice grain in resin. But intact thin-section of mature rice grain could not be achieved easily, because it had low moisture contents. So we conducted pretreatment with a phosphate-buffered saline (PBS) to section the mature rice grains. Prior to embedding mature rice grain in resin, PBS was used to penetrate the intracellular spaces of the grain, which made it possible to achieve uniform section thickness and to conserve subcellular structures.
Rice embryo-less half-seeds were vacuum infiltrated for 10 min with a fixative that consisted of 4% w/v paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.2), and the samples were then treated for an additional 3 h at room temperature with the fixative. After washing of the samples in the same buffer, the samples were infiltrated overnight with PBS. The seeds were cross-sectioned through the middle portion of the seed in approximately 1-mm-thick sections. These sections were dehydrated in a graded ethanol series, and then embedded in LR White resin (London Resin, Hampshire, UK). Blocks were polymerized at 55 C for 48 h.
As shown in Fig. 1A to C, intact sections (1 mm) of mature rice grains were stained in 0.25% w/v Coomassie Brilliant Blue (CBB) in 50% v/v methanol and 10% v/v acetic acid. The use of CBB resulted in blue protein staining (Fig. 1A and B) . In the starchy endosperm, proteins accumulated in the outer layer, and especially in the sub-aleurone layer (Fig. 1A) . In contrast, starch granules, which are white in color, were more frequently observed inside the starchy endosperm than outside of that structure (Fig. 1A) . Under high magnification, the proteins appeared as small inclusions, and these small protein inclusions were stained light or dark blue (Fig. 1B) . The lipids in the sections were stained in a saturated solution of Sudan Black B (SB) in 70% ethanol. 15) When SB was applied, strong staining of the aleurone layers, which appeared gray, was observed (Fig. 1C) . Tanaka et al. (1995) 10) have reported that the site of deposition of lipids is in the aleurone layer and the scutellum tissue, or in part of the embryo, not in the starchy endosperm. Our results indicate that the subcellular structures in sectioned mature rice grains are for the most part preserved, and this approach is thus suitable for preparing mature grains for microscopic observation at high magnification.
To determine the ultrastructures of protein bodies in the starchy endosperm cells of mature rice grains, electron microscopic analysis was performed. Thin resin sections (200 nm) were cut with a diamond knife using Ultracut UCT. The sections were stained with 2% w/v uranyl acetate. After staining, they were examined with a transmission electron microscope (JEM-1220; JEM, Tokyo) at 100 kV.
In the sub-aleurone cells, the subcellular structures (PB-I, PB-II, and starch granules, etc.) in the sectioned rice grains were perfectly preserved. The PB-II in the mature starchy endosperm were observed as electrondense, irregularly shaped structures with diameters of 2-4 mm (Fig. 2A) . The PB-I in the mature starchy endosperm were observed as large, spherical structures with diameters of 1-3 mm, which stained with a concentric ring structure ( Fig. 2A and B) . In the developing seed of 12 DAF, PB-I were observed as spherical structures with diameters of 1-2 mm, surrounded by polysomes (Fig. 2C) . The PB-I in the mature rice grains were larger and had more complex concentric rings of varying electron density in comparison with PB-I in the developing stage (12 DAF). These results suggest that the development of PB-I occurred not only in the early and middle stages, but also in the late stage of seed maturation. Hence, it is important to study the ultrastructures of PB in the late developmental stage of cereal grains. Moreover, large numbers of small PB-Is were also observed in the mature starchy endosperm cells ( Fig. 2A, arrows) . This suggests that not all PB-Is develop integrally, and that there is a time lag in the development of PB-Is. We propose that PB-Is forming in the early stage of seed maturation achieve diameters of 1-3 mm in the mature stage, whereas PB-Is forming in the late stage achieve only diameters of up to 500 nm in the mature stage.
To understand the maturation of PB, it is important to compare several cereal grains, but no method for sectioning cereal grains has been established. To determine the ultrastructures of PB in mature cereal grains, modified histological methods for mature rice grains were applied to oat, sorghum, and maize. We then obtained intact resin sections of mature oat (Fig. 1D) , sorghum (Fig. 1E) , and maize (data not shown). The subcellular structures in the starchy endosperm cells of the sectioned oat and sorghum grains were for the most part preserved (Fig. 3A and B) . Our results indicate that this approach is also suitable for preparing mature grains of oat, sorghum, and maize for electron microscopic observation. The PB of mature oat had a darkly stained area of uniform density, with lightly stained inclusions distributed throughout (Fig. 3C) . The prolamin of oat accumulated in the lightly stained area, whereas the globulin accumulated in the darkly stained area. 16) Moreover, small protein bodies were also observed in the starchy endosperm cells of mature oats (Fig. 3A,  arrows) . In contrast, the size of the protein bodies in the mature sorghum was almost constant (Fig. 3B) . The protein bodies of mature sorghum were spherical lightly stained inclusions of uniform density (Fig. 3D) . The lightly stained structure of sorghum PB was different from the lamellar structure of rice PB-I. These results suggest that the endosperm cells of sorghum and rice seed were eventually filled with numerous starch granules and PB, and that the endosperm cells of oat seed were not filled.
Observation of the subcelluler structures of mature starchy endosperm in cereal grains is important to plant breeders and nutritionists. The modified method used in this study allows excellent histological sections of mature cereal grains (at least for rice, oat, sorghum, and maize) to be obtained for morphometric investigation. The frozen film method 14) should be suitable for observation of tissue or cell structures and protein distribution in cereal whole grain, whereas the new method should be suitable for observation of the subcelluler structures of mature cereal grain under high magnification by optical microscope or transmission electron microscope. These methods should provide useful tools to investigate and understand cereal grains. 
